what is known already: Genetics plays an important role in ANM, and well-powered genome-wide association studies (GWAS) of ANM performed in European women have discovered many statistically significant SNP-ANM associations. Average ANM varies by ethnicity, and population-specific differences in ANM-associated alleles may in part explain these differences. participants/materials, setting and methods: Based on an ANM-GWAS literature review, eight SNPs at four loci previously associated with ANM in European women were tested for replication in Iranian women. Linear regression analyses were performed including (n ¼ 828) and excluding (n ¼ 783) women who experience premature ovarian failure (ANM before 40 years of age). In addition, to search for novel population-specific ANM risk alleles, a pool-based GWAS was performed using this collection of Iranian women. Two DNA pools were constructed and compared: an 'early' ANM pool (lower 20 th percentile of menopause ages, 40-45 years, n ¼ 165) and a 'late' ANM pool (upper 20 th percentile of menopause ages, 54 -65 years, n ¼ 187). Each DNA pool was assayed on four Illumina Human1M-Duo arrays, and allele-based tests of association were used to rank SNPs. One hundred and two highly ranked SNPs were chosen for individual genotyping by Sequenom MassARRAY and association analysis in the Iranian women. † These authors contributed equally to this work. limitations, reasons for caution: Due to small sample size this study was powered to reliably detect only moderate-tolarge SNP effect sizes. This limited our ability to replicate many of the previously reported SNP-ANM risk alleles and to discover novel SNP-ANM associations' specific to the Iranian population. In performing our pool-based GWAS, a reduction in power was introduced relative to a conventional GWAS.
Introduction
Ovarian aging is the natural process by which a woman reaches reproductive exhaustion. Menopause is an important event in this process, and a prevailing hypothesis states that it occurs when the follicle pool in the ovary is too low to maintain regular cycles (Faddy et al., 1992; Richardson, 1993; te Velde et al., 1998 , Voorhuis et al., 2010 . Menopause is a dramatic event in a woman's life history and demarks major changes in endocrine signaling, particularly a reduction in female hormone production by the ovaries (Plagnol et al., 2009) . It is also a risk factor for many age-related diseases. For example, early menopause is associated with an increased risk of cardiovascular disease and osteoporosis (van der Schouw et al., 1996; Gallagher, 2007; Shuster et al., 2010) , and late menopause is associated with an increased risk of ovarian cancer (Braem et al., 2010) , endometrial cancer (Dossus et al., 2010) and breast cancer (Titus-Ernstoff et al., 1998; Shin et al., 2011) . Furthermore, in populations where delaying childbearing has become prevalent, age at natural menopause (ANM) is increasingly becoming a fertility issue.
ANM averages 51 years in the Caucasian population, but is roughly normally distributed between 40 and 60 years with a tail ,40 years. Menopause before the age of 40 years is termed premature ovarian failure (POF) (Coulam et al., 1986; Daniels et al., 1998) . Family-and twin-based studies have estimated the heritable component of ANM to be between 42 and 87% (Burton et al., 2007; Snieder et al., 1998; de Bruin et al., 2001; Murabito et al., 2005; Morris et al., 2011) ; thus, the prevailing view is that genetics plays a very important role in this trait. Environmental factors, for example smoking, can influence ANM; however, collectively environmental factors explain relatively little of the variation in ANM (van Noord et al., 1997; Morris et al., 2011) . It is not clear whether POF represents the bottom end of ANM distribution, or is an independent trait with unique genetic and environmental risk factors.
In 2009, two genome-wide association studies (GWASs) of ANM were published, collectively reporting four loci harboring genomewide significant single nucleotide polymorphism (SNP)-ANM associations on chromosomes 20, 19, 6 and 5 (He et al., 2009; Stolk et al., 2009) . Both GWASs were performed on European women, and encouragingly two of the loci overlapped between studies (on chromosomes 20 and 19). In 2012, a meta-analysis of 22 GWASs performed on 38 968 European women replicated these four loci and reported 13 new genome-wide significant associations (P , 5 × 10 -8 ). These studies confirmed the presence of heritable genetic factors in the European population but did not address their contribution in non-European women. We aimed to identify if the most significant of these European SNP-ANM associations also explain some of the ANM variation in a non-European population.
Evidence suggests ANM varies by race/ethnicity (Gold et al., 2001; Henderson et al., 2008) . For example, a US-based cohort study of 92 704 women from five different racial/ethnic groups found that Latina women experience menopause earlier, and Japanese women experience menopause later, than non-Latina Whites (Henderson et al., 2008) . Adjustment for environmental factors, including smoking, age of menarche, parity and BMI, does not change this result. These differences may be explained by environmental factors not considered, genetic differences or a combination thereof. We hypothesize that differences in heritable genetic factors can explain some of this difference, and sought to characterize population-specific differences in known and novel ANM-associated alleles. To do this we studied an Iranian cohort drawn from the Tehran Lipid and Glucose Study (TLGS) (Azizi et al., 2002; Butcher et al., 2005) . Based on the Human Diversity Panel (Paschou et al., 2010) , women of Iranian descent are described as 'Middle Eastern' and are expected to be more similar to Europeans than Latinas and Japanese; however, principal component analyses show that 'Middle Eastern' peoples form a node distinguishable from that of 'Europeans' (Paschou et al., 2010) .
This study posed two questions: (i) Are the genetic factors identified in the 2009 ANM-GWAS of European women also associated with ANM in Iranian women? (ii) Do novel population-specific ANM risk alleles conferring moderate-to-large effects exist in Iranian women? To address question 1, SNPs identified by GWASs of ANM in European women were tested for association with ANM in women from the TLGS. To address question 2, a pool-based GWAS was performed. Individual samples were physically pooled to create composite samples, and these pools were assayed on commercially available SNP arrays. Data from SNP arrays were used to estimate allele frequency in DNA pools, not to determine genotypes, hence this step is called 'allelotyping'. Pool allelotypes were then used in allele-based tests of associations to discover SNP-ANM associations. As in conventional GWAS, most GWASs using a pooling strategy are multi-stage. DNA pooling is only used in the discovery stage; subsequent replication stages use individual genotyping (IG). Pearson et al. (2007) empirically demonstrated that a GWAS using the DNA pooling strategy is capable of detecting associations discovered by conventional GWAS, but for a fraction of the cost. Although pooling DNA makes for a financially feasible experiment, it does reduce power; hence, we were only well powered to detect moderate-to-large SNP effects.
Materials and Methods

Study subjects
Study subjects were drawn from the TLGS (Azizi et al., 2002) , and included Iranian women who had experienced natural menopause. TLGS is an ongoing longitudinal study of 15 000 individuals aged 3 years and over drawn from a geographically defined area in Tehran, Iran. Participants entered the TLGS after providing written informed consent. Approval for this ANM study was received from the Research Institute for Endocrine Sciences Clinical Research Ethics Board and from the joint Clinical Research Ethics Board of the British Columbia Cancer Agency and the University of British Columbia. Each TLGS participant completed an interview, and most provided a blood sample. Participants were questioned on reproductive history, regularity of menstrual cycles, parity, sex steroid use and menopause status (Azizi et al., 2002) . Menopause was defined as the absence of spontaneous menstrual bleeding for .12 months, for which no pathological cause can be determined. Women whose last menstrual period may have been induced by surgery or another obvious cause, including irradiation or hormone therapy, were excluded, as were women who reported using hormone replacement therapy during the onset of menopause. For women who reached menopause prior to entering the TLGS, the date of the last cycle based on patient recall was recorded. Only women whose four grandparents were of Iranian descent (self-reported) were included. In total, 903 women met these criteria; 828 were successfully genotyped. Of the 828 women genotyped, 45 (5%) experienced POF (ANM before 40 years). In this cohort, ANM (excluding POF) ranged from 40 to 65 years and averaged 49.8 years (SD ¼ 4.4). The median ANM was 50 years.
Analysis of eight ANM-associated SNPs discovered by the 2009 GWAS
For each of the four genome-wide significant loci reported in the 2009 ANM-GWAS (He et al., 2009; Stolk et al., 2009) , two SNPs (a total of eight SNPs) were selected for genotyping, including: (i) the reported SNP with the smallest P-value and (ii) an SNP in high linkage disequilibrium (LD) with SNP 1 (in case of assay failure) ( Table I ). The LD between these SNPs is given in Table I . Linear regression was used to determine the effect of the minor allele for each SNP on ANM (including and excluding POF cases). Effect sizes (beta values) were calculated in years and are per copy of the minor allele. Adjusting for birth year, BMI, smoking history oral contraceptive use and parity did not influence our results; therefore, all data are presented without correction for these variables. Data were analyzed in PLINK (v1.07).
DNA pool construction and allelotyping
To search for novel Iranian population-specific ANM risk alleles conferring moderate-to-large effects, a pool-based GWAS was performed using this cohort of women. Two DNA pools were constructed and compared: an 'early' ANM pool ( years, n ¼ 165 samples) and a 'late' ANM pool (upper 20% percentile of menopause ages, 54-65 years, n ¼ 187 samples). Although the range of ANM in the late ANM pool is large, 70% of women in this group reached menopause at age 54 years. By selecting women from the ends of the ANM distribution we aimed to retain much of the power that would be afforded by surveying the entire ANM distribution (Sham et al., 2002; Eshraghi et al., 2007) . DNA was extracted according to the established methods at the Research Institute for Endocrine Sciences (Eshraghi et al., 2007; Kahrizi et al., 2009) . DNA samples were quantified in duplicate by fluorometry using PicoGreen TM (Molecular Probes, Eugene, OR, USA). Pools were constructed by combining 20 ng of each DNA sample by manual pipetting, and brought to a concentration of 100 ng/ml. Each DNA pool was assayed on four Illumina Human1M-Duo (1M-Duo) arrays, carried out at the Center for Applied Genomics at the Hospital for Sick Children, Toronto. Replicate arrays are used to reduce the error in allele frequency estimation (Earp et al., 2011) .
Analysis of pool-based GWAS data
Allele-based tests of association were used to rank SNPs assayed by the 1M-Duo arrays, and 102 highly ranked SNPs were chosen for IG in our collection of Iranian women. The 1M-Duo data were analyzed using the publicly available program GenePool (http://genepool.tgen.org, source GenePool 0.9.1); in particular, the 'SINGLEMARKER' test statistic (a modified t-test) (Pearson et al., 2007) . Two categories of SNPs were excluded from this analysis prior to data collection: (i) SNPs without a minor allele frequency (MAF) estimate or an MAF estimate ,10% (HapMap CEU, Release 27) and (ii) Y chromosome SNPs, mitochondrial genome (mtDNA) SNPs and copynumber variant (CNV) probes. Our study is underpowered to detect SNP-ANM associations in low MAF SNPs, prompting their removal to avoid detecting associations that are most likely to be spurious. Y chromosome SNPs are not relevant in an all-female cohort, mtDNA SNPs were excluded due to concerns regarding homology (.98%) between nuclear and mtDNA sequence confounding results, and probes designed to assay CNV non-polymorphic sites do not have meaningful two-colour fluorescence intensity data (needed to estimate allele frequency). After data collection, 759 SNPs that were missing from one or more array, and those 5% of SNPs with the greatest variability in allele frequency estimation on replicate arrays, were removed from pool-based analyses. In total 694 326 SNPs were tested for association with ANM. We prioritized highly ranked SNPs (ranked by ascending SINGLEMAR-KER test statistic P-value) by taking into consideration proxy SNP association results. To do this we determined all SNPs on the 1M-Duo array in LD (r 2 . 0.8, based on HapMap CEU R27 data) with a given highranked SNP, and calculated the median SINGLEMARKER rank of these SNPs (we called this Cluster analysis). We performed Cluster analysis on the 1000 top-ranked SNPs (we call these 'primary' SNPs) and re-ranked the primary SNPs by ascending median SINGLEMARKER rank for each LD-based cluster. Many of the 1000 top-ranked SNPs investigated fell within overlapping clusters, in which case only one SNP was chosen to represent a cluster, the SNP with the smallest SINGLEMARKER P-value. We chose 95 SNPs for IG using this approach. Seven SNPs were chosen based solely on their SINGLEMARKER test statistic P-value (i.e. highly ranked SNPs without a proxy SNP).
Analysis of 102 ANM-associated SNPs from pool-based GWAS
Based on the pool-based GWAS array data, 102 SNPs were chosen for further IG and association analysis in Iranian women. Linear regression was used to determine the effect of the minor allele for each SNP on ANM (including and excluding POF cases). Effect sizes (beta values) were calculated in years and are per copy of the minor allele. Adjusting for birth year, BMI, smoking history, oral contraceptive use and parity did not influence our results; therefore, all data are presented without correction for these variables. Data were analyzed in PLINK (v1.07).
IG and quality control
In total, 110 SNPs (8 + 102) were genotyped in 903 Iranian women. Genotyping was performed using the Sequenom iPlex Goldw assay (Sequenom, Inc., San Diego, CA, USA ) and carried out at the McGill University and Génome Québec Innovation Center. With respect to SNP quality control (QC), 10 SNPs had a call rate of 0% and were removed (i.e. failed to genotype), 4 SNPs had a call rate of 91 -95% and were retained in analyses (rs1172822, rs10787495, rs4787423 and rs13325331). No remaining SNPs had a call rate ,90%. Thus, 100 SNPs were available for analysis. Of these, three were found to deviate from Hardy -Weinberg equilibrium and were removed (rs13325331, rs7586884 and rs6597754), leaving 97 SNPs for analysis. With respect to sample QC, 55 samples had a 0% genotype rate and were removed (insufficient DNA) and 20 samples had a call rate below 90% and were removed. Thus, 828 individuals were available for analysis. Based on 40 duplicate samples (4.4% of 903 initial samples), the concordance rate was 99% (one sample was discordant for one SNP).
Results
SNPs associated with ANM in Europeans also influence ANM in Iranians
Treating ANM as a quantitative trait, the MAF, direction and effect size of SNPs associated with menopause in European women were consistent in Iranian women (Table I ). For most SNPs tested, the effect sizes were smaller than those reported in the 2009 ANM-GWAS. This is anticipated due to 'winners curse', the tendency of a discovery study to overestimate the true effect size (Zollner and Pritchard, 2007) . However, rs16991615 (chromosome 20) had a larger effect size in our collection of Iranian women, increasing ANM by 14 months (1.15 years) per allele instead of 13 months (1.07 years) in European women. Notably, this effect size estimate has a large standard error because of the low MAF of the SNP and our study's sample size. rs2153157 (chromosome 6) also had a larger effect size in Iranian women, increasing ANM by 5 months (0.41 years) per allele instead of 3.5 months (0.29 years in European women). To date, the most significant SNP-ANM association reported is that of rs16991615; this SNP had a P-value of ,0.05 in our data. rs1172822 (chromosome 19) and rs2153157 (chromosome 6) narrowly missed this level of significance. There were 45 women with POF in the TLGS cohort for whom DNA was available, and we performed a second linear regression analysis including these samples (828 women in total). With the exception of the chromosome 19 SNPs, the SNPs tested had a larger estimated effects size and smaller P-value in this analysis (Table I) . These data are consistent with the SNPs on chromosomes 5, 6 and 20 also influencing menopause age in women who experience POF.
Test for novel SNP-ANM associations conferring moderate-to-large effects in Iranian women
Because 12 SNPs failed QC; a total of 90 (of 102) SNPs were analyzed. Treating ANM as a quantitative trait, 10 SNPs selected for IG based on our pool-based GWAS had a P-value of ,0.05 in our Iranian women (783 women, excluding POF) ( Table II) . The most significant of these was rs10140275 (P-value ¼ 4.0 × 10 -4 ), and increased ANM by 13 months (1.09 years) per allele. No SNPs were significant at the genome-wide level; however, rs10140275 was significant based on Bonferroni correction for 90 tests (a-level ¼ 5.6 × 10 24 ).
Of the 783 women in the analysis, 210 were included in the DNA pools and 573 were not. When women participating in the pooling stage were excluded from the regression analysis (i.e. independent replication), 2 SNPs (rs4304553 and rs4663953) had a P-value of ,0.05 in the women tested (573 individuals, POF cases excluded) (Table II) . Notably, the ANM association with rs10140275 was much weaker in this analysis (b ¼ 0.32, P ¼ 0.185). A second linear regression analysis including POF samples (828 women in total) was performed. Only 2 SNPs reported in Table II (Table II) were investigated for SNP-ANM association in the ReproGen consortium's GWAS meta-analysis data, which included 38 968 women of European descent experiencing ANM between 40 and 60 years of age (Stolk et al., 2012) . Only one SNP, rs10840211, had a P-value of ,0.05 in the data (Table II) , and eight SNPs in high LD (r 2 . 0.8) with rs10840211 had similar P-values in the ReproGen data (data not shown). In Iranian women rs10840211 decreased ANM by 6 months (20.48 years, P ¼ 0.044) per allele and in European women it decreased ANM by 48 days (20.11 years, P ¼ 0.0013). The smaller SNP effect in European women is consistent with the winner's curse.
Discussion
Principal findings
One SNP-ANM association detected in European women on chromosome 20 was replicated in Iranian women (rs16991615; b ¼ 1.15, standard error (SE) ¼ 0.49, P ¼ 0.02). SNPs at the previously reported 19q13.42 and 6p24.2 loci also approached statistical significance and had consistent SNP effects (magnitude and direction) in Iranian women (rs1172822; b ¼ 20.39, SE: 0.22, P ¼ 0.08; and rs2153157, b ¼ 0.41, SE: 0.21, P ¼ 0.05). We were underpowered to detect many of the SNP-ANM associations reported by the 2009 ANM-GWAS; however, for all SNPs tested the direction of the effect was consistent with that observed in European women. Hence, we anticipate that many (if not all) of the ANM-associated SNPs discovered in European women will replicate in Iranian women upon genotyping a sufficient number of women. Our results imply that European and Iranian women share ANM-associated genetic variants. Chen et al. (2011) recently demonstrated that genetic variants influencing ANM in European women also influenced ANM in Hispanic women. Like our study, they replicate the ANM association with rs16991615, and they find this SNPs effect size to be larger than the previously reported (European) value of 1.07. They also find that rs16991615 is associated with an increased risk of early menopause, similar to our analysis including POF samples. These results imply that human populations that differ by race/ethnicity, including European, Hispanic and Iranian populations, share ANM-associated genetic variants; however, the magnitude of the SNP effects in each population may differ. We tested for novel ANM risk alleles conferring moderate-to-large effects in Iranian women using a pool-based GWAS; however, we found little evidence for such SNPs. The most significant SNP detected, rs10140275, had a P-value ¼ 4.0 × 10 24 when analyzed in 783 Iranian women who experienced menopause, and a P-value ¼ 1.0 × 10 24 when analyzed in 828 Iranian women who experienced menopause or POF: in both analyses, the effect size was large (b ¼ 1.09 and b ¼ 1.48 years, respectively). However, this SNP did not have a P-value of ,0.05 when samples used in the pooling stage and POF samples were excluded, i.e. when independent replication in Iranian women was performed. Given a sample size of 573 Iranian women, and that these 573 samples were primarily from the middle of the ANM distribution (ANM between 46 and 53 years), this replication analysis may have been underpowered to detect this association. Notably, when 45 samples from women with POF were included in the replication (pooling samples still excluded), rs10140275 had a P-value of ,0.05 (b ¼ 0.86, SE: 0.39, P ¼ 0.027). Additional genotyping in Iranian women (who experience the full range of menopause ages) is needed to confirm this association. rs10140275 was not associated with ANM in European women (Table II) ; therefore, this could represent an SNP-ANM association unique to Iranian women.
One SNP (of 90 tested), rs10840211, had a P-value of ,0.05 when analyzed in Iranian women (b ¼ 20.48, P ¼ 0.044), and a P-value of ,0.05 in European women (b ¼ 20.11, P ¼ 0.0013). This SNP did not have a P-value of ,0.05 in Iranian women when samples used in the pooling stage were excluded (Table II) ; a possible reason for this is as discussed above. Inclusion of samples from women with POF in the replication did not change this result (rs10840211, b ¼ 20.35, SE: 0.29, P ¼ 0.22) . Additional genotyping in Iranian women is needed to confirm this association. This could represent an SNP-ANM association shared between Iranian and European women, but having a larger effect size in Iranian women. This study's greatest limitation was power. Due to small sample size this study was powered to reliably detect only moderate-to-large SNP effect sizes. This limited our ability to replicate many of the previously reported SNP-ANM associations and to discover novel SNP-ANM associations' specific to Iranian women. Further, in performing our pool-based GWAS we accepted a loss of power relative to a conventional GWAS, stemming from the fact that SNP allele frequencies must be estimated from pools rather than directly calculated from individual genotypes. This introduces error into the calculation of any test of association and consequently reduces power. To reduce the size of these errors, replicate arrays are used to assay the same DNA pool, and this strategy was used here (using four replicate arrays per pool). Another factor limiting power is that the pool-based GWAS approach necessitates allele-based tests of association, and these are not as powerful as genotype-based tests. In practice, very few pool-based GWAS focus only on SNPs that achieve genome-wide significance in the discovery pooling stage. Rather, SNPs are ranked according to the strength of their association, and practical Coded allele/non-coded allele; AF, allele frequency for coded allele. The coded allele was tested for association.
considerations dictate how many top-ranked SNPs are chosen for subsequent IG and replication (where stringent significance thresholds are then imposed). This is the approach used in this study. Finally, detecting, excluding or adjusting for individuals whose ancestry differs from that of other samples is not possible with pooled DNA, nor is removing individuals showing cryptic relatedness. The greatest strength of this study was the population-based, geographically focused and homogenous collection of Iranian women with recently collected epidemiological data relating to fertility and available DNA samples. Although this study was limited to detecting larger SNP effects due to sample size, if variants conferring these effect sizes existed, we were well positioned to discover them. Furthermore, 45 women in our collection experienced POF, which allowed for a preliminary assessment of ANM-associated SNPs in this phenotype. One concern with this data set was that ANM was ascertained by selfreporting, which is subject to recall bias. This is most challenging for women who entered the TLGS post-menopause. The mean ANM for women in this study (m ¼ 49.8, SD ¼ 4.4) was very similar to that reported in another collection of Iranian women (m ¼ 50.4, SD ¼ 4.3), leading us to conclude that ANM was, on average, accurately reported by our participants.
A weakness of our pool-based GWAS was the inability to fully validate SNPs of interest before replication. Validation is typically performed in pool-based GWAS to remove SNPs that are associated with the trait of interest due to technical error during pooling; this helps to reduce the number of tests performed during replication. Insufficient quantities of DNA for some samples prevented us from performing IG on all of the samples included in the pooling stage.
Conclusion
We find evidence for shared ANM-associated genetic variants between different racial/ethnic populations. Our data do not support the hypothesis that novel population-specific SNP-ANM associations explain population-specific differences in mean ANM. Population-specific differences in the mean ANM could be caused by environmental factors, or genetic variants which have yet to be discovered, owing to small effect size or low MAF.
